A theoretical and experimental study on atmospheric pressure microwave plasma-based assembly of free standing graphene sheets is presented. The synthesis method is based on introducing a carbon-containing precursor (C 2 H 5 OH) through a microwave (2.45 GHz) argon plasma environment, where decomposition of ethanol molecules takes place and carbon atoms and molecules are created and then converted into solid carbon nuclei in the 'colder' nucleation zones. A theoretical model previously developed has been further updated and refined to map the particle and thermal fluxes in the plasma reactor. Considering the nucleation process as a delicate interplay between thermodynamic and kinetic factors, the model is based on a set of non-linear differential equations describing plasma thermodynamics and chemical kinetics. The model predictions were validated by experimental results. Optical emission spectroscopy was applied to detect the plasma emission related to carbon species from the 'hot' plasma zone. Raman spectroscopy, scanning electron microscopy (SEM), and x-ray photoelectron spectroscopy (XPS) techniques have been applied to analyze the synthesized nanostructures. The microstructural features of the solid carbon nuclei collected from the colder zones of plasma reactor vary according to their location. A part of the solid carbon was deposited on the discharge tube wall. The solid assembled from the main stream, which was gradually withdrawn from the hot plasma region in the outlet plasma stream directed to a filter, was composed by 'flowing' graphene sheets. The influence of additional hydrogen, Ar flow rate and microwave power on the concentration of obtained stable species and carbon−dicarbon was evaluated. The ratio of sp 3 /sp 2 carbons in graphene sheets is presented. A correlation between changes in C 2 and C number densities and sp 3 /sp 2 ratio was found.
Introduction
Carbon, which is one of the most abundant elements on Earth and plays an essential role in the ecosystem, has recently generated a renewed interest in the scientific community as new materials are being introduced and new applications for them become a reality. Carbon materials are of great interest for investigation and industrial activities owing to their abundance, stability and relative environmental friendliness [1] [2] [3] [4] . Depending on the foreseen application, different carbon-based nanomaterials such as nanocrystals, fullerenes, carbon nanotubes (CNT), nanofibers, graphene, nanoribbons, and nanoflakes have been intensively investigated [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . CNTs discovery symbolizes a benchmark in nanoscience [14] .
Recently many research groups shifted their research target towards graphene and related structures (graphene sheets, nanoribbons, carbon nanowalls etc) due to their extraordinary properties and enormous potential for applications [1] [2] [3] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The production of graphene requires specific conditions such as sufficiently high energy of the particles supplied to the growth zone and balanced influx of carbon particles. In the conventional chemical vapor deposition process, these conditions are met by the use of very high temperatures (~1000°C). Different carbon structures can be grown, depending on the catalyst nature and size, gas mixture and substrate temperature [3, 17, 18] . However to avoid the use of a catalyst and to improve the synthesis process, in terms of controllability, yield and quality of the nanostructures, a search for new methods is needed. In this respect, it is now well recognized that plasma environments constitute powerful tools in material science, by allowing the creation of advanced nanomaterials and the enhancement of long-existing materials that would not be otherwise achievable. Plasmas can ensure simultaneously high temperatures, highly reactive environment-electrons, ions, free radicals, energetic photons (UV radiation). For example, it has been shown that in plasma-enhanced chemical vapor deposition [1, 3, 5, 7, 9, 10] a high level of control over material fluxes, heating and concomitantly the structure and properties of formulated materials can be achieved. This method makes use of a substrate inserted in a low-pressure plasma environment. Thus, the synthesis and growth of carbon nanostructures proceed via surface reaction and therefore depend on surface conditions. The review of the current status of the plasmabased fabrication of carbon nanostructures and in particular of graphene can be found elsewhere [1, 3, 5, 9, 10] . Different plasma sources have been tested using various precursors (methane, alcohols, etc) for graphene synthesis [3, 10] .
Many applications require nanosheets in the form of freestanding graphene flakes consisting of a few atomic monolayers. Such self-standing graphene sheets are alternative to horizontal graphenes supported by solid surfaces because they have an obvious advantage related to the fact that both surfaces and at least three open edges can be utilized in applications while surface-bound counterparts effectively use one surface. In this respect, a new approach for a large-scale fabrication of graphene flakes in magnetically enhanced dc arc discharge is presented by Levchenko et al [10] . The graphene flakes are produced using a carbon anode, which is a rod with a hole in the center. The use of catalyst in this case should be mentioned, as the hole is filled with a mixture of graphitic carbon and catalyst (Y-Ni powder). Furthermore, current advancements demonstrate that self-standing graphene sheets can also be produced using plasmas at atmospheric pressure conditions. Microwave plasma processing via the so-called aerosol-through-plasma (A-T-P) technique has been used to produce a multitude of nanostructures, including graphene, that are of interest in many fields [9, [19] [20] [21] [22] [23] . In this technique, precursors, which can be solids, liquids or gases, are carried through hot microwave plasma where they decompose and species created are carried in the cold outlet plasma gas streams where nucleation and growth processes take place.
Plasma-based fabrication of graphene is a relatively new area with a relatively small number of publications [3, 10, [22] [23] [24] [25] [26] [27] [28] . Moreover, the mechanisms responsible for the unique properties exhibited by plasma-created nanostructures are still to be understood. Most of the results are obtained by applying phenomenological approaches. To achieve predetermined outcomes and reduce the trials to a minimum, it is of utmost importance to reveal the strong correlation existing between plasma features and material properties. However, relating the plasma-specific processes/features and specific structural qualities of assembled nanostructures that determine their electronic, mechanical, photonic, etc properties is a major challenge and one of the key goals in the plasma nanoscience research field. To this end, reliable numerical models that are validated by in situ-obtained experimental results can serve as powerful tools for mastering the synthesis and engineering processes. It should be well known how to channel the power into the targeted reactions and precursor species and how to control the energy exchange pathways in plasmas in an effort to provide sophisticated management of particles and energy fluxes towards the growing nanostructures.
These models, as a rule, should include reliable description of fluid mechanics and thermodynamics, i.e. nonequilibrium energy transport and species mass transport, plasma kinetics that includes processes resulting in formation of excited species and radicals and plasma chemistry. The processes of formation of solid nuclei, growth and interaction of plasma species with solid surfaces should be an integral part of such comprehensive modeling. Ideally, all these parts should be considered self-consistently in order to achieve a reliable description of the nanostructure growth dynamics and develop predictive capabilities about properties of assembled structures as a function of externally controllable parameters. Unfortunately, such a comprehensive simulation of plasmabased synthesis of carbon nanostructure, and graphene in particular, is not yet available. Nevertheless, it is possible to model some of the above-mentioned components of such integral model while considering others as black boxes. Such simplified models associated with particular aspects of the process can be instrumental for mastering the overall process of synthesis. For example, plasma chemistry modeling can give information about precursor's fluxes toward growing nanostructures, while plasma thermodynamics outputs are related to energy fluxes. The interaction of plasmas with growing nanostructures can be simulated by applying phenomenological models or by detailed atomistic description of the processes of nucleation and growth using the results from plasma chemistry modeling as an input. A survey on different modeling efforts in the literature about plasmas used for carbon nanostructure synthesis is presented in Bogaerts et al [29] . The existing modeling approaches, such as analytical models, zero-dimensional (0D) chemical-kinetics simulations, fluid models (describing the chemical kinetics as well as fluid dynamics), solving the Boltzmann transport equation, and Monte Carlo (MC) are discussed. A multiscale computational framework (MSCF) incorporating a computational fluid dynamics software for reactor-scale processes, a kinetic MC solver for the growth of molecular structures and a molecular dynamic simulator for the self-assembly of atoms into molecular structures are some of the examples found in the literature [30, 31] . Multiscale simulations of carbon nanotube (CNT) nucleation and growth, supported by a catalyst (Ni, Co, and Fe), with coupled heat and mass flow is presented by Pannala and Wood [32] . Carbon diffusion, as well as the size and shape of the catalytic particles, were found to influence the CNT growth rate. However, no investigation on the bulk formation of carbon nanoparticles was conducted.
The present complex theoretical and experimental investigation is a continuation of our previous work [27, 28] on the creation of self-standing graphene sheets using microwave atmospheric plasmas driven by surface waves at atmospheric pressure conditions. The method, as described previously [27, 28] , is based on injecting a carbon-containing precursor (C 2 H 5 OH) through a microwave argon plasma environment, where decomposition of ethanol molecules takes place and carbon atoms and molecules are created. Gas-phase carbon species diffuse into colder nucleation zones, where they are transformed into solid carbon nuclei. Aiming at further elaboration of the method and replacement of the phenomenological approach with a deterministic one, a theoretical model previously developed has been further updated and refined to describe in detail the formation of carbon precursor species and the creation of solid carbon nuclei.
Taking into consideration that the nucleation process is an interplay between thermodynamic and kinetic factors, the model is based on a set of nonlinear spatially dependent differential equations describing plasma thermodynamics and chemical kinetics. Considering the diffusion of carbon species into colder zones of plasma reactor, the formation of solid carbon nuclei is analyzed in detail. A fraction of the produced solid carbon accumulates on the discharge's tube wall as residue, while the gas/nuclei stream is gradually withdrawn from the hot plasma region in the outlet plasma stream, where 'flowing' graphene sheets are assembled. The diffusion of gas-phase carbon was estimated from detailed analysis of the experimental data. The influence of additional hydrogen in the background gas mixture, i.e. Ar/C 2 H 5 OH/H 2 ratio, on the structural quality of fabricated graphene sheets and, in particular, on the sp 3 /sp 2 carbon ratio was analyzed. Raman spectroscopy, SEM, and XPS techniques were applied to analyze the changes in graphene sheet composition and structure as a function of the amount of hydrogen in the background gas mixture. The model predictions were validated by experimental results.
Experimental
Flowing graphene sheets were assembled using a microwave plasma sustained by surface waves. A surface-wave-driven plasma is a special type of microwave plasma where the microwave power is transferred to the plasma by the electric field of a guided wave [33] . The scheme of the experimental setup is shown in figure 1 . Microwaves at 2.45 GHz were provided by a generator (Sairem) with maximum power of 2 kW. The microwaves traveled through a waveguide system (WR-340), which included a water-cooled circulator, directional couplers, a three-stub tuner, a moveable short-circuit, and a waveguide surfatron as a field applicator. By adjusting the movable short-circuit and the three-stub tuners, optimal impedance matching conditions are set and the coupling of the electric field to the discharge is maximized. The discharge is ignited inside a quartz tube (1.5 cm inner and 1.8 cm outer diameters) placed vertically and perpendicularly to the waveguide's widest wall. The gas mixture is injected into the discharge under laminar flow conditions and consists of premixed Ar (purity of 99.999%) and ethanol vapor.
The ethanol vapor was introduced into the discharge using a bubbling system (see figure 1 ). For this purpose, the total Ar flux Q Ar tot was divided into two branches, as shown in figure 1 :
While the first branch (Q Ar ) flowed directly into the discharge, the other branch passed through a tank filled with ethanol (Q Ar/Et. ) in order to drag ethanol molecules. The partial ethanol flow was managed via rigid control of the liquid temperature [28] . Additionally, pure H 2 gas was introduced in the background gas mixture. The partial H 2 flow was changed in the range of 1-2.5 sccm. Hence, the total gas flow introduced into the discharge was Q tot = Q Ar tot + Q Et + Q H2 . Externally forced heating in the assembly zone of the plasma reactor using heat exchanger (figure 1) was applied to engineer the structural qualities of the assembled graphene sheets as described in Tatarova et al [28] .
All carbon nanostructures were synthesized by fixing the wall temperature in the assembly zone at 100°C. The nanostructures were captured by a membrane filter system coupled to an Edwards BS2212 two-stage rotary vacuum pump. All the experiments were performed at the optimal conditions for graphene sheet synthesis, i.e. Q Ar = 250 sccm, Q Et = 0.6 sccm, and P = 700-900 W [28] .
A photo of the plasma reactor used is shown in figure 2 . The incident laser (532 nm) beam is scattered from the flowing graphene sheets and appears as a green broken line on the photo.
To control the output gas products, a part of the outlet gas from the plasma reactor was probed by a Stanford Research System RGA 200 mass analyzer and a Fourier-transform infrared Nicolet 5700 spectrometer in the wave number range 1000-4000 cm
The relative concentrations of C 2 , H 2 and H species in a hot plasma zone were monitored using optical emission spectroscopy. The light emitted by the plasma was collected by an optical fiber and directed to the entrance of a Jobin-Yvon Spex 1250 spectrometer (2400 g mm −1 grating) equipped with a charge-coupled device (CCD) camera. The plasma emission in the 300-700 nm range was investigated. Gas temperature in the hot plasma zone was determined using rotational distribution of OH (A 2 Σ + , υ = 0 → X 2 Π i , υ′ = 0) band in the 300-315 nm spectral range assuming equilibrium between rotational and translational degree of freedom [28] . Infraredsensitive measurement of the wall-temperature axial profile using an optical thermometer was performed.
The obtained solid carbon residue formed at the wall in the assembly zone of plasma reactor was analyzed by SEM. A JEOL, JSM-7001F field emission gun scanning electron microscope operating in secondary electron imaging mode (SEI) with applied voltages in the range of 10-15 kV, while free standing graphene sheets were analyzed by a high-resolution Zeiss Neon 40.
For Raman spectroscopy analysis, the synthesized nanostructures were suspended on a glass substrate, then Raman spectra from different regions on the substrate were obtained using a LabRAM HR Visible (Horiba Jobin-Yvon) Raman spectrometer with 1 cm −1 spectral resolution and 633 nm Ne-Ne laser excitation with laser spot size of 2 μm. Measurements were performed with a laser power P l = 0.054 mW to avoid overheating.
XPS elemental analysis of the synthesized graphene sheets was performed using a KRATOS XSAM800 x-ray spectrometer with a double anode. The spectrometer was operated in fixed analyzer transmission mode with an analyzer pass energy of 20 eV and nonmonochromatic x-ray source (Mg Kα line) with a power of 120 W (12 kV × 10 mA). Samples were analyzed at room temperature at UHV pressure ~10 −7 Pa and the takeoff angle set to 90°. Carbon material was pealed off the filters using the XPS sample holder with double-sided tape. The spectra were collected in 0.1-eV steps using a Sun SPARC Station 4 with Vision software (Kratos). X-ray source satellites were subtracted. Shirley backgrounds and Gaussian/ Lorentzian line shapes were fitted using XPS Peak 4.1 (freeware). No flood gun was used for charge compensation.
Theoretical model
The plasma reactor was modeled as consisting of different zones as presented in figure 3 . The first one, surface wave sustained discharge zone, included the zone inside the launcher and the extended hot plasma zone just beyond the launcher ( figure 1 ). There, the surface wave power was absorbed by plasma electrons, which transfer the energy to heavy particles via elastic and inelastic collisions, so that high gas temperatures (up to 2200 K) are being achieved. The gas temperature in this first zone is nearly constant and then drops sharply in the next zone, the 'near' (10-13 cm) afterglow plasma zone [34] . It should be noted that the gas temperature is also radially inhomogeneous, with radial profile close to the parabolic one. Those two regions form the hot plasma zone. The next zone in axial direction that includes the plasma afterglow (~20 cm) is the 'assembly zone' (see figures 2 and 3) where kinetic processes of growth and assembly of carbon nanostructures take place.
As already noted, the carbon nucleation process is determined by the interplay of thermodynamic and kinetic factors. For this reason the present model was based on a set of nonlinearly coupled and spatially dependent differential equations describing plasma thermodynamics and chemical kinetics [35] . The input parameters were externally controlled, i.e. gas flows, total power delivered to the launcher, pressure and gas mixture, i.e. Ar/C 2 H 5 OH/H 2 , injected into the discharge. The fluxes of Ar and C 2 H 5 OH were kept constant (Q Ar = 250 sccm, Q Et = 0.6 sccm) while the flux of H 2 changed from 1 to 2.5 sccm. It was assumed that the total microwave power delivered to the launcher was linearly dissipated along the generated plasma column.
Under atmospheric pressure conditions the collisions occur frequently enough (for instance the electron-neutral collision frequency is ~10 11 s −1 ) to compensate to some extent the effect of nonequilibrium factors and local thermal equilibrium can be nearly approached. Hence, local thermal equilibrium was assumed. Additionally, the experimentally measured wall temperature profile was adopted as a boundary value for the gas temperature. Only axial variations (1D model) of the gas temperature as a key plasma parameter and particle densities were taken into consideration.
A kinetic scheme similar to that presented by Marinov [35] was used. To account for the formation of the solid carbon both in the effluent plasma/gas flows and deposited on the tube walls, detailed kinetics of C 2 radicals and carbon atoms C were considered. Several new chemical reactions for carbonic-dicarbonic submechanisms were added. The present scheme includes 57 components of ethanol fragmentation and ~390 chemical reactions [36] [37] [38] [39] [40] [41] , which are presented in table 1. The rate constants were extrapolated to the experimentally determined upper limit of the temperature range (2200 K) using a nonlinear extrapolation method presented in [42] . The expressions for the rate constants in the extended temperature range were validated with available in the literature data [36, 37, [42] [43] [44] [45] . The thermodynamic data of the processes were taken from thermodynamic databases [35, 36, [46] [47] [48] .
Taking into account the external cooling of the quartz tube, the gas temperature T (r) had a maximum in the center of the tube and decreased towards the walls. We assumed a parabolic radial profile for the gas temperature, i.e.
where T a represents the temperature along the central axis, T w the wall temperature and R the tube radius. It was further assumed that the main thermal losses were due to the radial heat conduction so that they were expressed as
where χ represents the argon thermal conductivity. Under the above assumptions, the gas thermal balance equation can be written as [34] ( ) ( ) Figure 3 . Scheme of the main processes in hot plasma and assembly zones. where V 0 is the initial gas velocity [m s −1 ], T 0 is the initial gas temperature, p 0 is the gas pressure, k B is the Boltzmann's
2 B is the heat capacity at constant pressure, S is the plasma cross-section and P is the absorbed microwave power; δ is a coefficient expressing the fraction of absorbed power from the wave that is transferred to thermal energy of the gas. Here the electron energy balance equation is implicitly included via the coefficient δ. Given the fact that, under the conditions of interest, the main role of the electrons is to absorb microwave power and to transfer it to the heavy particles, we further assume δ = 0.9, which is a typical value for atmospheric pressure conditions, and ~10% energy in radiation and dielectric losses. The approach used has been validated in a series of extensive experimental and theoretical studies [34, [49] [50] [51] [52] [53] [54] .
Under the present conditions, the contribution of the electrons to the ethanol dissociation kinetics is negligible, as the electron average energies are less than 1 eV and the degree of ionization is ~10 −4 . The estimation based on the analyses of H-beta line demonstrates that the electron density in the middle of the plasma column is ~10 13 cm −3
, i.e. about five orders of magnitude less than the heavy particle density. Under conditions considered the local thermal equilibrium assumption can be justified [55] . Ar ions are the main positive ions in the plasma.
Considering the upper levels of the measured gas temperature, i.e. 2000 and 2200 K, the temperature profiles along the axis are shown in figure 4 . The reference point z = 0 corresponds to the launcher position. The measured wall temperature axial profile (see figure 4(b) ) as a boundary value of the gas temperature was fitted by an analytical expression and used as an external parameter in the numerical calculations [49] . The changes of wall temperature due to the external heating are shown by the broken line in the figure.
The fact that the gas temperature was considered to be radially inhomogeneous had a strong influence on the spatial dependence of the rate coefficients for reactions with high activation energy, E a . In order to account for this effect in the framework of a 1D model, the rate coefficients were radially averaged for every axial position z along the discharge length. Thus, effective rate coefficients k eff were calculated as
The rate of gas-phase carbon transformation into solid carbon corresponds to the diffusion transport rate of carbon atoms/ molecules into a colder nucleation zone through the boundary of vaporization (T ~1800 K) (figure 3). Since data for the diffusion coefficient of carbon species in argon plasma are not available in the literature, an estimation based on molecular kinetic theory was made [56] . According to the theory, the diffusion coefficient dependence on the temperature is
, where D 0 is the diffusion coefficient at temperature T 0 . Assuming that diffusion is the transport mechanism of gas-phase carbon species from the hot to the colder nucleation zone, and keeping in mind that the average distance r 2 traveled by a particle within the time interval t is proportional to the square root of this time interval [56] , it is readily found that the transformation rate is
). The schematic presentation of the isothermal plasma surface with constant temperature equal to 1800 K is shown in figure 3 , and it is marked as 'vaporization boundary.' According to the equilibrium thermodynamic modeling ( figure 5 ) the sublimation of solid carbon is observed in the temperature range 1700-2000 K. Hence we estimated evaporation boundary at ~1800 K.
The average distance r 2 corresponds to the radius determined by the vaporization boundary and is defined by the ratio:
vapor a v apor a w , where T vapor corresponds to the phase transformation temperature, i.e. ~1800 K (figure 3). The carbon diffusion coefficients D 0(C/C2) at T 0 = 273 K were estimated to be [55] 
[41]
Note: 1. Fall-off reaction in the Lindemann-Hinshelwood form:
2. Fall-off reaction in the Troe parameters form: Here, the factor a C/C2 is a C/C2 = 1 for C, and a C/C2 = 0.707 for C 2 ; M C/C2 is the carbon atom/molecule mass in kg; p is the pressure in Pa at 273 K; k B is the Boltzmann's constant; and d d Ar, C/C2 are the effective gas-dynamic diameters of the argon and carbon atoms/molecules in m, respectively. Finally, an approximate expression for the rate constant of gas phase carbon transformation into solid carbon was found:
In order to test the estimated coefficient k est , the set of equations was solved by adopting the factor k 0 as a free parameter, to obtain a good fit with the experimental results. The best fit was obtained for k 0 = 24, which was very close to the estimated diffusion rate coefficient of carbon species (equation (5)). Therefore, the initial assumption of the diffusion nature of carbon transport is correct. The discrepancy can be attributed both to experimental errors and some inaccuracy of the estimation.
The system of equations described above was solved in a self-consistent manner yielding an integral description of the axial structure of the discharge and of the outlet plasma/ gas stream. The algorithm used for the calculations is similar to that of the well-known computer code Reaction Design, Chemkin [48] .
Results and discussion
The equilibrium values of the stable substances and intermediate complexes along the hot plasma zone were useful to understand the general workings of ethanol decomposition and formation of carbon precursors. The calculated equilibrium values, i.e. the calculated concentrations of the stable substances such as hydrogen, carbon oxide, water, and some intermediate complexes, are shown in figure 5 as a function of the gas temperature. It should be noted that the processes of formation of solid carbon were also taken into consideration.
Four temperature regions can be distinguished. The first region is up to ~1000 K where the presence of methane is observed. The second region ranges from 1000 to 2000 K, with formation of solid carbon and H 2 . The third region is from 2000 to 3500 K. In this region H 2 is still dominant while acetylene is also present in significant concentration. Finally, for temperatures above 3500 K, a complete decomposition of H 2 and C 2 leading to the formation of carbon in gas phase and atomic hydrogen is observed. The theoretical results Axial distribution of (a) temperature at the axis (1)-P = 500 W, (2)-P = 900 W, (3)-exp. P = 500 W, (4)-exp. P = 900 W); and (b) the wall temperature along the discharge and remote plasma (points-experiment; solid line-fitting curve). The change in the wall temperature due to external heating is shown by a broken curve. presenting the axial distribution of the decomposition products for heterogeneous case (gas + solid phase) are shown in figure 6 . Ethanol dissociation begins in the hot plasma zone at temperatures of ~1000-1500 K (~0.5 cm). The analysis of both modeling results and the rate coefficients allowed us to conclude that the ethanol decomposition can occur through two parallel channels with equal probability (see figure 3) . According to the first channel, the single bond C-C is broken to form CH 2 OH and CH 3 radicals. Further, CH 2 OH is decomposed into the complexes CH 2 O and HCO and finally into CO and H. In a second channel, an OH group is detached from the ethanol molecule, followed by the formation of double С = С bond in the C 2 H 4 molecule and further a triple С ≡ С bond in the C 2 H 2 molecule. Acetylene is a stable molecule and can be broken down to the simplest C and H at sufficiently high temperatures (above 4000 K). However, diffusion of gas-phase carbon takes place from the hot plasma zone towards the tube wall, where the temperature is lower and where the nucleation of carbon species takes place. The described processes and chemical reaction mechanisms are schematically illustrated in figure 3 .
The main zone, where nucleation occurs, is located near the tube walls. In figure 3 this is the zone outside of the vaporization boundary surface. The main outlet gas products of ethanol decomposition are CO and H 2 . Acetylene and ethylene are also present in very small amounts, i.e. less than 0.1% (figure 6). A fraction of the solid carbon nuclei accumulates on the wall, but the majority of it is gradually removed with the outlet gas stream in the assembly zone as seen in figure 7 .
In order to evaluate the relative contribution of the different chemical reactions for solid carbon and H 2 production, a sensitivity analysis was performed. For this purpose, the relative sensitivity to the rate coefficients has been calculated and shown in figure 8 . The relative sensitivity is defined as [44] 
where k r are the rate coefficients of the elementary reactions and c i are the concentrations of the species. The analysis results indicate that the most important reactions that influence the H 2 production also influence the solid carbon production. The absolute difference between H 2 and Sensitivity analysis of the main gas products' dependence on (1) microwave power P, (2) additional hydrogen gas in the background gas mixture, and (3) argon flow rate Q Ar . (P = 900 W, Q Ar = 250 sccm, Q Et = 0.6 sccm.) Figure 10 . Sensitivity analysis of the C and C 2 (in a hot plasma zone at axial distance z = 4 cm) dependence on (1) microwave power P, (2) additional hydrogen gas in the background gas mixture, and (3) argon flow rate Q Ar . (P = 900 W, Q Ar = 250 sccm, Q Et = 0.6 sccm.) solid carbon sensitivity coefficients is due to the fact that part of the hydrogen is generated by the first channel and does not depend on the carbon diffusion velocity, while the solid carbon is only determined by the second channel. Additionally, solid carbon formation does not occur through the CO generation mechanism. The latter only occurs through the first channel of ethanol decomposition and does not depend on the carbon diffusion velocity.
The relative sensitivities of different stable species as functions of three different externally controlled parameters, such as microwave power P delivered to the launcher, hydrogen percentage in the background gas mixture C H2 and argon flow rate Q Ar were evaluated as follows: 
where c i is the species concentration.
Increasing the microwave power P leads to an increase of the solid carbon production rate but does not affect the generation of H 2 and CO (figure 9). The same reactions influence both H 2 and solid carbon production, according to the analysis. However, the formation of H 2 and CO occurs via the first channel and does not depend on the carbon diffusion velocity, while solid carbon formation is determined only by the second channel (figure 3). When additional hydrogen gas is injected into the microwave plasma, the total solid carbon yield decreases (figure 10). The addition of H 2 shifts the equilibrium towards the formation of acetylene and ethylene from C 2 . More hydrogen in the plasma results in increasing of H and OH radical densities. The reactions of these radicals with carbon atoms and molecules result in decreasing carbon species densities. Finally, an increase of the Ar flow rate will also lead to a decrease in solid carbon generation, due to the decrease of ethanol's residence time in the plasma. The precursor (ethanol molecules) spent less time in the hot plasma zone, and the gas phase carbon species fails to diffuse towards the nucleation zone.
The model predictions were validated with experimental results obtained by emission, Fourier transform infrared (FT-IR) spectroscopy and mass spectrometry techniques. The result obtained by mass and FT-IR spectroscopy demonstrate that the main outlet gas products are H 2 and CO thus validating the theoretical results as seen in figure 6 (experimental points). Moreover, as shown in figure 11 the absorption peak of CO at ~2170 cm −1 is the only one detected, in accordance with the mass spectroscopy results.
Furthermore, the detected changes in emission spectra of the Swan system of molecular carbon C 2 , between 4500 and 5700 Å (A 3 Π g → X 3 Π u ), when hydrogen gas is injected into the background gas mixture, are shown in figure 12 . It can be seen that the intensity of C 2 lines decrease with addition of hydrogen. In our previous work [34] the emission of excited carbon atoms at 247.9 nm at higher concentration of ethanol precursor was detected. However, decreasing the ethanol precursor in the mixture decreased the intensity of this line, and it is difficult separate from the background noise. The emission spectra were detected from the active plasma zone at axial distance z ≈ 4 cm.
The estimation of the relative change of the C 2 lines intensity (figure 12) due to the change in the hydrogen percentage in the gas mixture is given in table 2. The corresponding quantity is defined in the same manner as the sensitivity factors: minus sign implies that the intensity of the C 2 emission lines decreases. As has already been discussed, under heterogeneous conditions (gas + solid carbon nuclei), the diffusion of carbon species into colder nucleation zones, both in radial and axial directions, takes place. Some part of the solid carbon is deposited on the tube wall (figure 13) while the main part is gradually withdrawn from the hot plasma region. Therefore, the main part of solid nuclei is transported with axial gas flow into the assembly zone where kinetic processes of growth and assembling of carbon nanostructures occur. These nanostructures are subsequently captured from the gas stream by a membrane filter. Final structure of the carbon nanostructure is a result of delicate interplay between carbon particles and energy fluxes as determined by the plasma and the conditions in the assembly zone. As shown in [27] the changes in thermodynamic conditions in the assembly zone by external forced cooling/heating results in a different final product, i.e. nanoparticles, sheets etc. This give some confidence in our hypothesis that the growth processes take place in the postdischarge, i.e. assembly zone.
A SEM image of solid carbon residue deposited on the wall in the assembly zone of the plasma reactor is shown in figure 13 . As seen, the synthesized material has amorphous structure with carbon clusters size of several nanometers. The carbon clusters have a quasispherical shape, i.e. nearly round primary particles, known as nodules, with a size of 50-300 nm. The nodules coalesce together to form aggregates.
A typical SEM image of the graphene sheets synthesized and captured by the filter membrane is shown in figure 14(a) . This result is further confirmed by Raman spectroscopy measurements. The synthesized nanostructures were deposited on a glass substrate, and the Raman spectra from different regions on the substrate were obtained. As seen in figure 14(b) , where typical Raman spectrum is shown, the sheets exhibit a sharp 2D peak at ~2660 cm −1 due to the second-order process and a G-band peak due to the tangential zone center mode at 1583 cm
, as well as disorder D-peak at 1331 cm −1 [28] . This type of Raman spectra has often been associated with graphene and provides evidence that the obtained nanosheets are indeed graphene. The I 2D /I G ratio of ~1.5 and the full width of half maximum of the 2D peak less than 50 cm −1 indicate that the sheets consist of just a few (one to five) monolayers.
To obtain more information about the structural quality of the assembled graphene sheets, XPS analysis was performed. An example of the survey XPS of the samples is presented in figure 15 , on which the main photoelectron and Auger lines of carbon and oxygen can be clearly observed. Besides, small intensity Si lines from the substrate are also present due to the tape used to peal the carbon material from the filters.
Results of the detailed analysis of the C 1s line are presented in figure 16 . The dominant contribution in the C 1s line peak was attributed to sp 2 carbon at 284.4 eV, which was used as a reference for the energy axis calibration. Accordingly, the line was fitted to six different contributions attributed to sp 2 carbon (at 284.4 eV), sp 3 carbon (at 285.1 eV), presence of a satellite due to the π-π* excitation and carbon in different carbon-oxygen bonds (see figure 16 ). The latter were also identified in the O 1s line and originate from the sample contamination. Introducing additional H 2 in the gas mixture does not affect significantly the relative amounts of carbon-oxygen bonds as seen from the results shown in table 3. However, the amount of oxygen attached to the nanostructure scaffolds has nearly doubled in respect to the results in Tatarova et al [28] obtained for the same argon and ethanol partial fluxes but with 900 W of applied microwave power. The obtained C/O atomic ratio in Tatarova et al [28] is 18.4. As shown by theoretical calculations, the number density of strongly reactive OH radicals in the hot plasma and in the near afterglow increases with the injection of H 2 and can contribute to an increase in oxygen functionalities of the graphene sheets.
Furthermore, addition of H 2 in the carrier gas increases the sp 3 /sp 2 ratio from 0.47 (Q H2 = 1 sccm) to 0.52 (Q H2 = 2.5 sccm) (table 3) . Therefore, the relative amount of sp 3 carbons increases (see table 3 ). By comparison, the sp 3 /sp 2 ratio obtained in [28] is only 0.25. Therefore, a correlation between changes in C 2 and C number densities and sp 3 /sp 2 ratio can be found. As has already been noted, the densities of H and OH radicals in plasma zone increase when H 2 is added. The reactions involving these radicals with carbon atoms and molecules strongly reduce the solid carbon output, as shown by sensitivity analysis (see figure 10) . However, the effect of additional H 2 is two times stronger in the production of C 2 radical than in the production of C atoms (figures 10 and 12). The observed correlation gives some confidence in the hypothesis that the assembling of planar sp 2 carbons is ruled mainly by the presence of C 2 radicals in the carbon seeds [57] . Inversely, an increase of carbon atoms in the seeds leads to an increase in the synthesis of sp 3 carbon. 
Conclusions
Experimental and theoretical studies on the synthesis of carbon nanostructures, and in particular of freestanding graphene sheets, applying microwave plasma at 2.45 GHz and atmospheric pressure have been conducted. The procedure involved the introduction of ethanol vapor into a microwave argon plasma environment, where decomposition of ethanol molecules took place and solid carbon was created. The accumulation of solid carbon residue on the discharge tube wall at the assembly zone of the plasma reactor was observed. The solid assembled from the main stream, which was gradually withdrawn from the hot plasma region in the outlet plasma stream directed to a filter, was composed of flowing graphene sheets. Aiming at further elaboration of the method and replacement of the phenomenological approach with a deterministic one, a theoretical model previously developed was updated and refined to describe in detail the formation of carbon precursor species and solid carbon nuclei. Taking into consideration that the nucleation process is an interplay between thermodynamic and kinetic factors, the model is based on a set of nonlinear spatially dependent differential equations describing plasma thermodynamics and chemical kinetics. Considering the diffusion of carbon species into colder zones of the plasma reactor, the formation of solid carbon nuclei in the colder nucleation zones of plasma reactor was analyzed in detail. Hydrogen, carbon monoxide and solid carbon were identified as the main products of ethanol decomposition in the argon plasma, as predicted by the model and experimentally confirmed. The ethanol decomposition begins in the hot plasma zone, at temperatures of ~1000-1500 K, and occurs via two simultaneously running channels with equal probability: the first channel leads to the formation of carbon monoxide and H 2 , while the second one leads to the formation of gas-phase carbon, ethylene and acetylene. Gas-phase carbon atoms/molecules diffuse into colder nucleation zones, both in radial and axial directions, resulting in gas-phase carbon transformation into solid carbon nuclei. The generation of solid carbon was determined by the second decomposition channel and did not depend on CO formation. The model predictions for the main outlet gas products, i.e. CO and H 2 , were validated with the experimental results obtained by mass and FT-IR spectroscopy. These results constitute strong proof of the reliability of the approach used. Given the fact that a self-consistent problem is solved (small change in one of the parameters results in change of all other parameters and final results), the model provides reliable description of the system under investigation, and the output results can be further used as input data for molecular dynamics simulations.
The influence of additional hydrogen in the background gas mixture, i.e. Ar/C 2 H 5 OH/H 2 ratio on the carbon precursor (C 2 , C) densities, and on the structural quality of fabricated graphene sheets was analyzed. A correlation between changes in C 2 and C number densities and sp 3 /sp 2 ratio was found. The densities of H and OH radicals in the plasma zone increased with the addition of H 2 . The reactions involving these radicals and carbon atoms and molecules strongly reduce the solid carbon output as shown by the sensitivity analysis. The influence of additional H 2 was, by a factor of two, stronger on the production of a C 2 radical than on C atoms. A correlation between the reduction of C 2 emissions and the sp 3 /sp 2 carbon ratio increase in the graphene sheets was observed. This result provided some confidence in the hypothesis that the assembly of planar sp 2 carbons was dominated by the presence of C 2 radicals in the carbon seeds, while more carbon atoms in the seeds resulted in more sp 3 carbon synthesis. Additional work should be done to relate the plasma-specific properties/features and specific structural qualities of assembled nanostructures that in turn determine their electronic, mechanical, photonic, etc properties. The results on carbon precursor's fluxes will be further used as input data for mechanistic models to simulate the nucleation and growth processes of carbon nanostructures. Furthermore a detailed analysis of the carbon balance, considering carbon deposited on the wall and the solid-phase carbon withdrawn with the plasma gas flow, should be carried out. The results of such investigations will be reported in a future work. 
